Hills Road the peptidyl transferase center, triggering peptide bond formation, or it has a second chance to dissociate from Cambridge CB2 2QH United Kingdom the ribosome. Thus, there are two dissociation steps that are separated by irreversible GTP hydrolysis, so that differences in base-pairing free energy of cognate and near-cognate tRNA were considered sufficient to Summary explain the accuracy of tRNA selection. However, recent findings suggest that this view is A structural and mechanistic explanation for the selection of tRNAs by the ribosome has been elusive. Here, too simple. The NMR structure of the error-inducing aminoglycoside paromomycin bound to a fragment of we report crystal structures of the 30S ribosomal subunit with codon and near-cognate tRNA anticodon A site 16S RNA led to the proposition that the antibiotic might stabilize the decoding site in a conformation which stem loops bound at the decoding center and compare affinities of equivalent complexes in solution. In ribospecifically recognizes the codon-anticodon duplex (Fourmy et al., 1996). Kinetic studies showed that cogsomal interactions with near-cognate tRNA, deviation from Watson-Crick geometry results in uncompennate tRNA, or paromomycin with near-cognate tRNA, specifically accelerate the rates of GTPase activation sated desolvation of hydrogen-bonding partners at the codon-anticodon minor groove. As a result, the transiand accommodation, further implicating induced fit as a source of selectivity (Rodnina and Wintermeyer, 2001). tion to a closed form of the 30S induced by cognate tRNA is unfavorable for near-cognate tRNA unless Moreover, the energetic cost of replacing A:U by a G:U mismatch in double-stranded RNA (Mathews et al., paromomycin induces part of the rearrangement. We conclude that stabilization of a closed 30S conforma-1999; Xia et al., 1998) is too small to explain even the differences in dissociation rates of cognate and neartion is required for tRNA selection, and thereby structurally rationalize much previous data on translational cognate tRNAs. This strongly suggests that the ribosome recognizes base-pairing geometry during decodfidelity.
Leu 2 or Ser tRNA into crystals of the Thermus thermophi-A1493, and G530 with the minor groove of the codonanticodon helix in conformations very similar to the coglus 30S subunit, both in the presence and absence of nate case, and the characteristic closing of the 30S paromomycin (Table 1) . These ASLs, with anticodons subunit. 3Ј-GAG-5Ј and 3Ј-AGG-5Ј, respectively, pair to the codon with single G:U mismatches at the first or second Global Conformational Changes in the 30S positions (whereas the G:U pair at the wobble position
The transitions within the 30S subunit for the cognate is allowed). and near-cognate structures are shown in Figure 2 , and as animations in the Supplemental Data (available at Induction of Ordered ASL Binding http://www.cell.com/cgi/content/full/111/5/721/DC1).
by Paromomycin
The extent of the movement observed in the crystal X-ray diffraction by crystals from experiments without is unlikely to correspond to the maximum possible in paromomycin was limited to 3.6-3.8 Å resolution and solution, because the free energy available from the the average B factors are elevated. No electron density complex formation is used to overcome not only intrais observed for either near-cognate ASL, though in the molecular, but also lattice forces. Figure 2A compares ASL Leu2 experiment some weak density is visible for the the effects of binding paromomycin, cognate tRNA, and codon sugar-phosphate backbone ( Figure 1A ). At this both together. With antibiotic alone, most differences resolution, it is not possible to distinguish between ocare comparable to coordinate error (ca. 0.4 Å ). The excupancy and disorder; thus, the lack of interpretable cursion at the beak is an artifact from its flexibility and ASL density could arise from disordered binding rather poor order, and the large change at A1492/3 arises from than no binding at all. A clear loss of density for G530 the antibiotic binding. and C1054, which move to contact the ASL in the case Cognate ASL induces a closure of the 30S subunit of cognate binding (Ogle et al., 2001) , and a concerted around the A site, which is enhanced in the additional movement of the head domain (see below) are inconsispresence of paromomycin. This movement involves rotent with the absence of binding.
tations of the head toward the shoulder and the subunit In contrast, with paromomycin, the resolution is coninterface and of the shoulder (S4, G530 loop with sursistently higher, and density is observed in each case rounding regions of 16S RNA and S12) toward the interfor both the ASL and the codon in the A site ( Figure 1B momycin lowers the entropic cost of binding ASL by preorganizing these adenines.
Correlation of Structural Results with
In contrast to the cognate case, paromomycin does Measurements of A Site Affinity not enhance the affinity of near-cognate ASL. SuperfiIn order to relate our structures to differences in free cially, this result appears to contradict the observation energy, we have measured the equilibrium binding of of ASL electron density in the presence of paromomycin the cognate and near-cognate ASLs to the A site of 70S but not in its absence. However, the roughly equal affinribosomes, in the presence and absence of paromomyity must be the result of distinct, yet compensating faccin and on both phenylalanine codons, UUU and UUC.
tors. When a cognate codon recognition complex is 70S ribosomes were used because the structure of the formed, the total gain in free energy from the interaction 30S in the crystal more closely resembles the 50S bound between the ribosome and the codon-anticodon minor form than free 30S subunits (Carter et We demonstrate the involvement of two further sources of selectivity in decoding: shape recognition and inkinetic proofreading. However, this affinity difference has tended to be overestimated by at least an order of duced fit. magnitude in studies addressing the translational selectivity mechanism, where it is most often cited as 2-3 Discrimination on the Basis of Geometry The pattern of hydrogen bond acceptors and the overall kcal/mol (i.e., roughly 8-13 kJ/mol), corresponding to a discrimination capacity of around 1:100 (e.g., Pape et al., shape of the minor groove allows recognition of WatsonCrick pairs in a sequence-independent manner (Seeman 1999; Thompson and Dix, 1982; Thompson and Stone, 1977) . Because the selectivity measured on the riboet al., 1976). 16S RNA bases A1492, A1493, and G530 use this feature to identify cognate tRNA by close consome in kinetic studies was also ca. 1:100 (in each of the two selection steps), it was suggested that the ribosome tacts to the first two codon-anticodon base pairs. With near-cognate tRNA, the shape of the non-canonical coequally stabilizes cognate and near-cognate tRNA and thus does not provide additional discrimination over that don-anticodon base pair leads to unsatisfied hydrogen- bonding potential or steric clashes within these interacis important in various ways. In order to maximally exploit the potential for discrimination by shape, interactions. Geometry is the most effective criterion for discrimination against all but cognate tRNA. Virtually all tions must be as extensive as possible. However, without induced fit, the multiple contacts which enclose the non-canonical base pairs contain stabilizing hydrogen bonds, often the same number as Watson-Crick pairs. codon and anticodon in the A site would sterically hinder access of the ligands (see also Herschlag, 1988). BeThe importance of Watson-Crick hydrogen bonding is that it also determines the relative orientation of the two cause the cost of stabilizing the closed 30S relative to the open form must be derived from the energy of interacting bases and hence the geometry of the minor groove, allowing distinction of different, but comparably interaction with the codon-anticodon complex, induced fit also allows maximization of contacts without increasstable base pairs.
These conclusions provide a clear structural rationale ing the affinity of cognate tRNA to unreasonably high values, which would limit its rate of release for translocafor the wobble hypothesis and the fact that degeneracy within the genetic code is confined to the third position tion to the P site. Finally, because the interaction energy with the cognate codon-anticodon minor groove drives of the codon (Crick, 1966). Previous work on wobble pairing emphasized the role of tRNA, but it is clear from movement within the ribosome, distant sites on the ribosome-or bound EF-Tu can detect the presence of a our structures and affinity measurements that the ribosome does not monitor minor groove geometry closely cognate tRNA in the decoding center on the basis of conformational signals, which are not generated when at this position. Therefore, discrimination against G:U and similar pairs is relaxed, because it truly does arise near-cognate tRNA occupies the decoding center. mainly from base-pairing energy differences (though some base pairs, e.g., those with greater overall width, An Integrated View of the Decoding Mechanism will be sterically excluded).
GTPase activation and accommodation are usually thought of as separate steps in tRNA selection, connected with initial selection and proofreading, respec-
Roles of Induced Fit
The induced fit required for the discriminating interac-
tively. Yet cognate tRNA and paromomycin each accelerate both of these steps (Rodnina and Wintermeyer, tions at the minor groove of the codon-anticodon helix 
2001). This suggests that these two steps are part of a
In the cognate case, A1493 forms three hydrogen bonds to the A:U codon-anticodon base pair; two of which are concerted process. We show here that cognate tRNA and paromomycin each also promote the closing of the between the A1493 ribose and the codon. However, the A1493 ribose can contact the codon prior to interaction 30S subunit, involving the rearrangement of the shoulder with respect to the rest of the body of the subunit. Our of the base with the anticodon (Figures 2, 3A, and 3B ).
Interactions to a cognate base pair can thus compendata can rationalize previous work on tRNA selection if we assume that the closed form of the 30S represents a sate for desolvation of A1493 progressively, avoiding high activation barriers (cf. Lim and Curran, 2001) by "productive" state (cf. Rodnina and Wintermeyer, 2001), which accelerates both the rate of GTPase activation first replacing hydrogen bonds to water in the A1493 ribose, and only afterward in the base. In contrast, in the and accommodation (see below), whereas open forms, which are favored when the A site is empty or contains G:U:A1493 A-minor motif, the A1493 ribose and codon U do not interact, though their desolvation is sterically a near-cognate anticodon, will be inactive in tRNA selection. Thus, the transition to the closed form is important required. In order to form the two hydrogen bonds to the anticodon G, A1493 must therefore pass though a for decoding, rather than the net affinity of the ASL. The specificity available to the ribosome for distinguishing high-energy state in which both the ribose and the base are fully desolvated, resulting in a higher activation barcodon-anticodon base pairs by minor groove geometry is thus represented by the energy difference between rier. Paromomycin, on the other hand, accelerates the induced fit to near-cognate tRNA by partially inducing the cognate and near-cognate ASL complexes with the closed 30S conformation, which can be measured only the associated 30S rearrangements independently of the codon-anticodon interaction. Thus, although paroin the presence of paromomycin. Without the antibiotic, near-cognate tRNA binds to the open form while cogmomycin and cognate tRNA lower the activation barrier in different ways, the result is an acceleration of the nate tRNA binds to the closed form. A direct thermodynamic comparison between the two is therefore not aptransition to the closed form in both cases. propriate because nonequivalent conformational states of the 30S subunit are involved. The effective specificity Relationship of the Closed Form to GTPase Activation and Accommodation is therefore much higher than would be inferred simply from affinity ratios in the absence of paromomycin.
The orientation of the ASL in the closed 30S subunit corresponds to the accommodated state of tRNA in the 70S (Yusupov et al., 2001 ), suggesting that this position Structural Aspects of Forward Rate Acceleration Our structural analysis of the various 30S codon-anticois favored in the absence of constraints. Initially, however, the tRNA is not free to rotate into the accommodon recognition complexes indicates that the closing movement of the 30S is initiated by the formation of dated state because its aminoacyl end is bound to EFTu. Instead, the ribosome-ternary complex assembly the ribosomal contacts to the codon-anticodon minor groove. The structure with a G:U mismatch at the first must experience strain, leading to conformational rearrangements in both the 30S and 50S subunits; in parcodon position (Figure 3 ) not only rationalizes reduced ASL affinity (or relative stability of the closed 30S conforticular, helix 44 in the 16S RNA is thought to be flexible (VanLoock et al., 2000) . However, a wealth of data also mation) at equilibrium, but also directly suggests how the rate of the conformational change could be affected.
indicates 
